Galaxy clustering on very large scales can be probed via the 2-point correlation function in the general case of wide and deep separations, including all the lightcone and relativistic effects. Using our recently developed formalism, we analyze the behavior of the local and integrated contributions for a baseline future survey and how these depend on redshift range, linear and angular separations and luminosity function. Relativistic corrections to the local part of the correlation can be nonnegligible but they remain generally sub-dominant. On the other hand, the additional correlations arising from lensing convergence and time-delay effects can become very important and even dominate the observed total correlation function. We investigate different configurations formed by the observer and the pair of galaxies, and we find that the case of near-radial large-scale separations is where these effects will be the most important.
I. INTRODUCTION
Forthcoming optical and Hi galaxy surveys will probe the density field of the universe on scales of the order of the Hubble scale, opening up a new front for precision cosmology. We need a commensurate theoretical effort to prepare for future surveys such as PFS [1] , DESI [2] , Euclid [3] , WFIRST [4] and the SKA [5] . Future surveys will reach a high precision on scales that have not been probed so far -and we require accurate theoretical modeling of the quantities that we aim to measure and the probes that we want to construct. Large scales are naturally best suited to perform tests of dark energy or modified gravity and to constrain primordial non-Gaussianity.
Analysis of galaxy clustering has been widely used to test parameters of cosmological models (see e.g. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ), using different techniques. The need to include geometrical and lightcone effects in the theoretical modeling has been long recognised (see the seminal works [16] [17] [18] [19] [20] [21] ). More recently, geometrical and relativistic effects have been intensively analyzed, as it becomes clear that future surveys will need very precise modeling [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
This paper is part of a series that investigates clustering on very large scales via the 2-point correlation function [23, 24, 39] . Here our main focus is on the integrated contributions that arise from temporal and spatial perturbations along the line of sight.
The galaxy number density fluctuation (or the equivalent for an Hi survey) is observed on the past lightcone, and may be split into local (at the source) and integrated (along the line of sight) parts:
Schematically, we can split these parts further as:
In the local part, b is the bias, δ is the matter overdensity, ∆ rsd is the Kaiser flat-sky redshift-space distortion term [40, 41] , ∆ wa is the wide-angle contribution and ∆ vp contains relativistic velocity and potential terms. Note that there are also relativistic contributions within ∆ wa [23] .
In the integrated part, the lensing magnification term is:
Here κ is the weak lensing convergence and the magnification bias parameter Q for a magnitude-limited survey is [30, 42] : where N g is the comoving number density of galaxies of luminosity L > L lim . The precise value of Q depends on the survey. A detailed study of the magnification bias in future surveys is made in [43] . Here we start, for simplicity, by assuming that Q = 0, and then we look at how a range of nonzero constant Q influences the effects we consider. The magnification bias is often described via the logarithmic slope of the cumulative number counts,
For intensity mapping surveys of the HI 21cm emission, Q = 1 and hence ∆ κ = 0 [33] . The remaining integrated term ∆ isw is a purely relativistic integrated Sachs-Wolfe type time-delay contribution [23, [25] [26] [27] [28] 30] .
It has been recently shown that the local and integrated relativistic contributions can become significant on very large scales [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Here we will investigate in detail the behaviour of the integrated terms for different cases, assuming a ΛCDM model. Note that these relativistic corrections apply not only in General Relativity, but also in modified gravity theories (see [33, 34] ).
The standard Kaiser analysis is based on ∆ obs = bδ + ∆ rsd . Wide-angle corrections can be included, within a Newtonian approximation, contributing to the term ∆ wa . This was derived in [18, 19] and further developed and tested in [6, 21, 22, [44] [45] [46] . The relativistic generalization of ∆ wa was computed in [23] .
The integrated contribution to ∆ obs is seldom included. The effect of ∆ κ is typically small for the low redshifts of current surveys [19, [47] [48] [49] [50] [51] . However, for very large separations we show that the lensing magnification and time-delay effects can become significant, especially in the near-radial case.
The paper is organized as follows. In Section II we briefly review the formalism used. Section III investigates the contributions of wide-angle and relativistic effects to the local part of the 2-point correlation function. Our main results are in Section IV, where we focus on the importance and behaviour of the integrated contributions to the total correlation function. In Section V we analyze how these contributions depend on the magnification bias. Finally, we discuss our conclusions in Section VI.
II. THE 3D CORRELATION FUNCTION IN THE GENERAL CASE
The observed galaxy correlation function is (see Fig. 1 ):
where x is related to the comoving distance χ by
We can compute (6) via the formalism of [23] , which generalizes previous work to incorporate all relativistic effects at linear order and all geometric contributions in configurations with very large-scale separations.
We use the spherical transform of the matter overdensity in synchronous-comoving gauge to write:
whereχ = χ(z),x = x(z). The A n are the spherical transforms based on Legendre polynomials P :
In the local overdensity, the coefficients α, β, γ (in the ΛCDM model) are:
The coefficients σ, µ in the integrated part are:
Note that the simple linear bias relation δ g = bδ is valid near and beyond the Hubble scale only in the matter rest frame, i.e. for the comoving δ (for a careful discussion, see [29, 30] ). The growth rate f is the quantity usually measured to constrain models of dark energy or modified gravity. The evolution bias b e is a velocity term related to the comoving number density [30] :
For a reference survey, we take a spectroscopic survey that mimics the planned PFS (Prime Focus Spectrograph [1] ) survey, which aims to measure galaxy spectra up to z ∼ 2.5. Figure 2 shows the redshift distribution that we assume (which mimics the one predicted for PFS), as well as the cosmological volume in comparison to current surveys. For the magnification bias (5), we assume Q = 0 in the following two sections and thereafter we consider the effects of varying Q.
In the standard picture of redshift-space distortions, on large scales the infall of galaxies toward higher density regions causes the well-known Kaiser effect [40, 41] . This modifies the apparent radial position of the galaxy due to the radial component of peculiar velocities. There is an additional effect that arises when we account for the fact that the separation angle θ is not zero (θ is neglected in the flat-sky or plane-parallel approximation). In this case the configuration loses translational invariance, giving rise to off-diagonal terms in the redshift-space distortion operator. This causes a "mode-coupling" effect, which is absent in the standard Kaiser analysis. For more detail, see the following section and [22, 44] . In a fully relativistic analysis, further effects arise from radial (time) perturbations along the photon path. These Doppler, Sachs-Wolfe and integrated Sachs-Wolfe effects lead to a frequency shift, so that the transformation between real-and redshift-space is modified relative to the Newtonian treatment. 
III. LOCAL PART OF THE CORRELATION FUNCTION
The local part of (6) is:
In this section we ignore the integrated part of ξ and focus on the local part.
We expand the correlation function in tripolar spherical harmonics S 1 2L [18, [21] [22] [23] 44] :
where
The correlation moments in this expansion are
is the matter power spectrum in synchronous-comoving gauge and j L are spherical Bessel functions. The B coefficients in (19) contain the functions α, β, γ of (12)- (14) (the full expressions are given in [23] ). The meaning of the functions α, β, γ is as follows:
• β encodes the effect of the matter overdensity δ and redshift-space distortions. The first two terms (β terms) in (8) appear in the Kaiser flat-sky approximation. (This Newtonian term is typically taken as "the standard contribution".)
• α encodes the "mode-coupling" effect, which mixes different modes of the wide-angle correlation. It depends on the velocity dispersion and is related to the fact that local overdensity around each galaxy can affect the "apparent movement" of galaxies when going from real-to redshift-space, and can be thought of as a velocity term [18, 22, 44] . In the case of very large separations, it acquires relativistic corrections [23] . The third term (αβ term) in (8) thus describes geometry and also relativistic corrections [see (22) ]. The standard flat-sky (Kaiser) analysis includes only the first two terms of (8) . In the Newtonian wide-angle generalization of the Kaiser case, the third term of (8) appears, with the Newtonian approximation α nwt of α [23] :
(For a different and equivalent definition of α, see [32, 45] .)
• γ encodes the effect of the gravitational potentials. The last term (γ term) in (8) is a purely relativistic term that is not present in the Newtonian treatment.
In order to understand which terms are more important and for which configuration, we analyze separate parts of the local correlation, where we divide ξ loc as follows:
where: ξ β is the standard Kaiser flat-sky contribution, i.e. all the terms in (19) with B coefficients that include only β; ξ βγ includes all terms with coefficients that depend on both β and γ -and hence it gives relativistic corrections to the Kaiser contribution [23] ; ξ αβ has all the terms that depend on both α and β -it therefore has the wide-angle and mode-coupling contributions, which include relativistic corrections via (22) [23] ; ξ αβγ includes all terms that receive contributions from all of α, β and γ -and thus it gives further relativistic corrections to wide-angle and mode-coupling effects; ξ γ is a purely relativistic contribution, which includes only γ.
The relative importance of these components depend on the particular configuration, i.e. on z 1 , z 2 , θ. The overall contribution of each part will be a weighted average of the contributions for all configurations analyzed in the survey. Here we study their dependence on separation angle, scale, and redshifts of the two galaxies.
First we consider pairs of galaxies transverse to the line of sight. Figure 3 (top left) shows how the contributions in (23) depend on the separation angle 2θ. The standard Kaiser component is dominant until θ = 0.15 rad and the wide-angle effects dominate at larger angular separations, as expected. The relativistic contributions do not exceed 10% of the total local correlation ξ loc . Figure 3 (top right) illustrates the relative contributions in the transverse case with a fixed separation angle of 2θ = 0.2 rad and increasing redshift. The Kaiser terms are dominant until very high redshift, with relativistic effects accounting for more than 10% when z 1.5.
In the case of galaxies with non-transverse separation, we fix the separation angle and one of the galaxy redshifts, and allow the redshift of the other galaxy to increase. This is shown in Figure 3 (bottom) with separation angle θ = 0.1 rad and z 2 = 0.6. Results in this case are similar, with a more complicated behaviour of the wide-angle effects. Relativistic effects become important when z 1 1.2. In all cases considered, the purely relativistic contribution ξ γ remains negligible, but there are significant relativistic corrections to the density and wide-angle terms.
In general, the dominant contribution to ξ loc is from the standard Kaiser and the "mode-coupling" parts, i.e. ξ β + ξ αβ . However, relativistic contributions to the local correlation function are non-negligible for very large separations, and will need to be taken into account if one wants a precise modeling of the local correlation function on large-scales. The evaluation of how this impacts cosmological measurements is left to a future work.
IV. INTEGRATED CONTRIBUTION TO THE TOTAL CORRELATION FUNCTION
The integrated contributions to the total correlation function (6) are the lensing magnification term ∆ κ and timedelay term ∆ isw , given by (9)-(10). They account respectively for spatial and temporal perturbations along the line of sight, modifying the apparent angular and radial positions of the source. As integrals along the line of sight, they account for the cumulative effect of the variation of gravitational potentials, so they increase with the distance between us and the source. (It is worth emphasizing here that the κ term is not the direct lensing of a background source by foregrounds, but is due to perturbations along the line of sight.) The magnification bias contributes 2Qκ towards ∆ κ [see (4) ], so it also modifies the apparent flux of the source. It also contributes to the time-delay term (and to some of the local redshift-space distortion effects). In Section V we will look at how the lensing magnification and time-delay change as Q changes. Here we set Q = 0.
The total observed correlation (6) is a sum of correlations:
For convenience, we have shortened loc to l and isw to i. The measured correlation function will be a weighted average of pairs in the (z, θ, ϕ) bin considered (see Fig. 1 ), and this is strongly survey dependent. Here we analyze different cases and probe how the relative importance of single contributions ξ AB depend on the configuration. It is worth noting that in current analyses only the first term of (24), i.e. ξ loc = ξ ll , is considered, while all the integrated terms, i.e ξ AB where at least one of A, B is κ or i, are neglected. This does not introduce considerable errors when measuring correlations on scales probed so far, but as we will show, the integrated terms can substantially contribute to the total correlation when probing larger cosmological volumes. Figures 4 and 5 show the percentage contribution of all the ξ AB terms to the total observed correlation function (24) . In the plots, the first and second subscripts refer to the galaxies at z 1 and z 2 , respectively, since ξ AB (z 1 , z 2 , n 1 · n 2 ) = ∆ A (z 1 , n 1 )∆ B (z 2 , n 2 ) . We investigate two types of configurations:
Transverse separations, with pairs across the line of sight. We fix θ and vary z 1 = z 2 (Fig. 4) . Non-transverse separations, including cases that are near-radial (nearly along the line of sight). We fix θ, z 2 and vary z 1 (Fig. 5) .
The key points arising from the plots are as follows.
In the transverse case:
• Figure 4 (left) shows that with a relatively large angular separation, the local correlation ξ ll dominates the signal strongly up to moderately high redshifts z 1.4. The integrated contribution contributes a non-negligible ∼ 1 − 10% for z 1.4, and is dominated by ξ κκ , ξ iκ , ξ il . Note that in this case ξ AB = ξ BA .
• ξ iκ , ξ il are purely relativistic terms -i.e., they would not be present in a Newtonian analysis. There are also relativistic corrections to any terms including a correlation with ∆ l , including to ξ ll (as discussed in the previous section). The other integrated term ξ κκ is not purely relativistic -but it is not included in the standard Newtonian analysis.
• With a small separation angle, the galaxies are relatively close together and so the local correlation is large, so that the integrated contribution is a very small fraction of the total (right panel). Conversely, for large separation angle, the local correlation is weak so that the integrated contribution is a larger fraction of the total (left panel). The largest integrated contributionξ κκ in the right panel only reaches ∼ 1% at z 1.8. The purely relativistic terms ξ iA ,ξ Ai are negligible.
In the non-transverse case:
• Figure 5 (left) shows that with the same large angular separation, but a growing redshift separation, the integrated effects become relevant even at smaller redshifts. Indeed, ξ κl and ξ il (purely relativistic term) dominate over the local contribution for z 1 1.2. Here the mixed lensing-local and time delay-local terms become dominant as one of the galaxies in the pair gets to high redshift. The lensing-lensing correlation becomes relevant but does not contribute more than 10%.
• With a small separation angle, i.e. near-radial separations, Fig. 5 (right) shows that the lensing contributions ξ κl and ξ κκ quickly (for z 0.8) dominate the local-local contribution ξ ll , which decays and becomes negligible when the correlation tends to radial.
• The asymmetry in the non-transverse case between the correlations ξ κl , which becomes dominant, and ξ lκ , which remains negligible, arises by the choice of which galaxy redshift to fix. We have
where we suppressed the angular dependence for convenience. We fixed the galaxy at z 2 , while the galaxy at z 1 moves further away. So we expect a strong signal from correlating the local contribution ∆ l (z 2 ) and the growing lensing contribution ∆ κ (z 1 ). By contrast, ξ lκ will be suppressed since the local contribution weakens as z 1 grows and the lensing contribution at z 2 is small and unchanging.
• There are contributions from all the terms in the general non-transverse case, but it is striking that near-radial correlations are enhanced and dominated by the integrated terms. We stress again that this integrated lensing magnification effect (from perturbations along the line of sight) is different from the "standard" magnification lensing, where we have one background source magnified by foreground matter. 
V. EFFECT OF VARYING MAGNIFICATION BIAS
The magnification bias contribution to lensing in (4), 2Qκ, arises from the perturbation to the flux of a galaxy, relative to a galaxy at the same observed redshift in the unperturbed universe (see e.g. [30, 52] ). As can be seen from (12)- (16), the local and time-delay correlations also include the magnification bias parameter Q, since they are affected by a magnitude-limited survey.
The lensing contribution (4) to the observed galaxy overdensity goes to zero when Q → 1 [see also (15) ]. For galaxy surveys in Hi intensity mapping, which do not detect individual galaxies but simply map the total intensity of 21cm emission, Q = 1 [33] . For optical and Hi threshold surveys, Q(z) will depend on specific parameters of the survey (see e.g. [43] ).
Here we focus on the influence of Q on the correlation function, using the reference values Q = 0, ±0.5, ±1. Figure 6 shows the effect of varying Q on α, γ, µ, σ (β is independent of Q), as a function of redshift. In the previous two sections, we set Q = 0. We can see that α is not affected much by the variation of the magnification bias, as expected, since it is a velocity term. The other functions all increase in magnitude as Q increases. As expected, Q = 1 gives σ = 0 and the lensing term vanishes.
In Figs The results confirm that Q = 1 kills the lensing contributions and suppresses the relativistic time-delay contributions. In the transverse case, the local-local correlation is the only relevant component, while some integrated terms become relevant for near-radial correlations with very large linear separation, when the time-delay component becomes very important.
For Q = −1, as expected, lensing magnification effects are larger than in the Q = 0 case. In particular, in the transverse case the pure lensing contribution ξ κκ reaches ∼ 20% of the total observed correlation at high redshift. The local-local term contributes very little in the transverse case as soon as the linear separation becomes large, and it becomes rapidly negligible in the near-radial case. This shows that surveys with a more negative Q will be more powerful in detecting integrated effects and relativistic corrections. 
VI. CONCLUSIONS
We used the fully relativistic description of the galaxy 2-point correlation function developed in [23] to investigate the relative importance of the various contributions arising from different effects, including those not present in the standard Newtonian analysis. To perform our calculations, we assumed a reference future spectroscopic survey, modeled on the PFS [1] , but our results can be easily extended for other galaxy surveys.
First we looked at the importance of relativistic contributions to the local part of the correlation function. In the standard approach, the local correlation is given by the Kaiser approximation, possibly including Newtonian wide-angle effects. Relativistic corrections arise from the gravitational potentials (Sachs-Wolfe type terms) and from relativistic effects in the density and velocity parts of redshift-space distortions. We considered some different configurations of the system of Figure 1 , and we found that relativistic contributions can become non-negligible, contributing at most ∼ 5% to the local correlation at high redshift. More work is needed to estimate how much this will impact on precision cosmology.
Then we focused on the integrated terms arising from line-of-sight spatial and temporal perturbations, that introduce lensing, cosmic magnification and time-delay effects. These terms are typically ignored in the standard approach. However, correlations including the integrated terms can become important in most cases, but in particular in the case of large redshift separations between the two galaxies of the pair. Especially important is the lensing contribution for near-radial correlations which dominates the local-local contribution. In the near-radial cases, the dominant term is the lensing-density one, where the redshift z 1 of galaxy 1 increases to high values. In some cases, the time delay-local correlation can give a significant contribution to the observed correlation. This happens because, while the local term is dominant for relatively small separations, its magnitude drops dramatically for very large separations, while the other terms do not fall off. When the first galaxy is at high-redshift, the integrals along the line of sight grow and become the dominant terms. Moreover, in the case of very small angular separation, the magnifying effect of the second galaxy is more evident, and also the lensing auto-correlation becomes very important, making the local part negligible.
Finally, we investigated how the magnification bias parameter Q affects the observed correlation. When Q = 1, as in the case for 21cm intensity mapping surveys, lensing effects vanish and relativistic time-delay effects almost disappear. On the other hand, surveys observing sources with a steep luminosity function will observe correlations that include larger effects from integrated terms.
Our results show that analyses of large-scale galaxy clustering with wide and, more important, deep surveys, will need to take into account the effects of integrated correlations as they become dominant in the (near-)radial case. We will present a new analysis focused on the near-radial correlations and their significance in a companion paper [39] .
Future surveys such as PFS, DESI, Euclid, WFIRST and the SKA will probe extremely large cosmological volumes, and aim to measure cosmological parameters with very high-precision, so there is a need to have precise theoretical modeling. Moreover, large-scale contributions contain additional information on the model of dark energy or modified gravity, so it will be fundamental to account for all the effects to correctly model and probe the density field, and use all the constraining power available. It is necessary to further investigate details of how these large-scale correlations depend on cosmological parameters. We leave this to a future work, together with a study on their constraining power for cosmological models.
